The importance of hydrogen's potential-energy surface and the strength of the forming R -H bond in surface hydrogenation reactions J. Chem. Phys. 124, 044705 (2006) The formation of water through hydrogenation of oxygen on platinum occurs at a surprisingly low reaction rate. The reaction rate limited process for this catalytic reaction is, however, yet to be settled. In the present work, the reaction rates of the first and the second hydrogen addition steps are compared when hydrogen is obtained through intense synchrotron radiation that induces proton production in a water overlayer on top of the adsorbed oxygen species. A substantial amount of the produced hydrogen diffuses to the platinum surface and promotes water formation at the two starting conditions O/Pt(111) and (H 2 O+OH)/Pt(111). The comparison shows no significant difference in the reaction rate between the first and the second hydrogen addition steps, which indicates that the rate determining process of the water formation from oxygen on Pt (111) 
I. INTRODUCTION
The catalytic reaction to form water through hydrogenation of oxygen on platinum is not only one of the most important fundamental heterogeneous catalytic reactions but also a model system for a surface reaction in general. The catalytic formation of water (H 2 O) appears to be very simple-two hydrogen atoms (H) are added to one oxygen atom (O) with a substantially reduced reaction barrier when this occurs on the surface of, e.g., platinum (Pt). Nevertheless, the details behind this surface reaction are still puzzling and an unambiguous explanation for the surprisingly low reaction rate is still to be found.
Model experiments of H 2 O formation through hydrogenation of adsorbed O on Pt(111) in ultra high vacuum (UHV) conditions suggest that the formation of Pt-OH species at the first H addition step is the rate-limiting process. [1] [2] [3] [4] [5] [6] Pioneering work by Gland et al. 1 proposed that both oxygen-and hydrogen gas adsorb dissociatively and that the interaction between the adsorbed H and O, to produce Pt-OH, is the rate limiting process. Furthermore, formation of H 2 O in the presence of O becomes an autocatalytic process where the first hydrogenation step is replaced with the reaction between produced H 2 O and coadsorbed O forming two Pt-OH intermediates. 7 Substituting the first H addition mechanism with an autocatalytic process increases the reaction rate significantly, as shown in a combined scanning tunneling microscopy (STM) and high-resolution electron energy loss spectroscopy (HREELS) study. [2] [3] [4] Based on these experiments, it is highly plausible that the first H addition step of the H 2 O formation through hydrogenation of O on Pt is the rate limiting process, and this is still suggested in the litera) Electronic mail: lars-ake.naslund@liu.se. b) Present address: Department of Physics, Chemistry, and Biology (IFM), Linköping University, SE-58183 Linköping, Sweden.
ature today. 5, 6, 8 The present report will, however, show that neither the first nor the second H addition step can be the rate limiting process or, alternatively, that both H addition steps exert rate control.
Instead of exposing O/Pt(111) to a H 2 gas flow as performed in earlier studies, [1] [2] [3] [4] [5] [6] hydrogen is made available for hydrogenation of the adsorbed O through photon beam induced breakage of H 2 O in a multilayer water film, [9] [10] [11] producing H + that is transported through the film to the surface using the Grotthus mechanism. 12 By comparing the H consumption for the O and OH hydrogenation at the two starting surface conditions O/Pt(111) and (H 2 O+OH)/Pt(111) it should be possible to confirm or contradict the suggestion that the first H addition step is the rate-limiting process in the H 2 O formation through hydrogenation of O on Pt(111).
At a temperature below 130 K co-adsorbed H 2 O/Pt(111) and O/Pt(111) stays intact. Above 130 K, on the other hand, H 2 O/Pt(111) can react with O/Pt(111) and form (H 2 O+OH)/Pt(111) where each OH is connected to H 2 O through hydrogen bonds (H-bonds) in a saturated network. [13] [14] [15] [16] [17] Without the surrounding water molecules OH decomposes into O and H 2 O though a recombination process. 13, 18, 19 However, OH formation can also proceed through reaction between co-adsorbed H/Pt(111) and O/Pt(111), where the H addition step results in the formation of one OH/Pt(111) according to
If the hydrogenation of O/Pt(111), on the other hand, proceeds through reaction with H 2 O/Pt(111), then two OH/Pt(111) are formed according to
Since reaction (1) can occur at temperatures below 130 K, while reaction (2) only can occur above 130 K 13 it is possible to hydrogenate O/Pt(111) only through reaction (1) even though H 2 O is present on the Pt-surface by keeping the system at, e.g., 100 K. Furthermore, hydrogenation of O/Pt(111) can initially proceed through reaction (1) at 100 K for a limited time period and thereafter the hydrogenation of the residual O/Pt(111) can proceed at an elevated temperature, e.g., 165 K, through reaction (2) .
The benefit of bringing the system up to 165 K for the post-reaction between the residual O/Pt(111) and coadsorbed H 2 O/Pt(111) is that all H 2 O not H-bonded to OH will desorb, 13, 20 including H 2 O that is formed in the O hydrogenation process. Hence, each H addition step results in the formation of a vacancy in the H-bonded network of (H 2 O+OH)/Pt(111) that is formed when all residual O/Pt(111) in the second stage have been hydrogenated through reaction (2) at 165 K. In other words, the amount of formed OH in a post-reaction between the residual O and coadsorbed H 2 O at 165 K is related to the number of H addition steps that has occurred at 100 K. Figure 1 shows schematically that the amount of formed OH/Pt(111) depends on the two hydrogenation reactions. If hydrogenation of a saturated coverage of (2 × 2)-O/Pt(111) only proceeds through reaction (2) at 165 K the obtained coverage of OH is significantly higher compared to the case where hydrogenation initially proceeds through reaction (1) at 100 K and thereafter through reaction (2) Figure 1 . As shown in Figure 1 , it is also possible that two subsequent H addition steps at 100 K results in H 2 O that desorbs or reacts with residual O according to reaction (2) when the temperature is raised to 165 K leaving two vacancies in the H-bonded network. Figure 2 shows schematically in stage A, a saturated layer of OH formed through reaction between co-adsorbed H 2 O/Pt(111) and O/Pt(111). Additional hydrogenation of OH proceeds through reaction with a H forming H 2 O according to the reaction barrier of the first and the second H addition step, respectively.
Figures 3 and 4 demonstrate different scenarios for four reaction schemes where the outcome depends on the reaction barriers for the first-and the second H addition steps. In Figure 3 , the reaction schemes 4 and 5 start with a saturated layer of (2 × 2)-O/Pt(111) and a saturated layer of (H 2 O+OH)/Pt(111), respectively. The reaction barrier for the first H addition step is much higher than the barrier for the second H addition step. In the figure, this is illustrated as when only 10 hydrogenation reactions have occurred in reaction scheme 4 then 27 hydrogenation reactions have occurred in reaction scheme 5 in the same time span. As a consequence, the amount of OH in stage C for reaction scheme 4 has been (2 x 2)-O/Pt(111) reduced by 20%, compared to full OH coverage as shown in Figure 1 (reaction scheme 1), while the corresponding OH reduction for reaction scheme 5 is 54%. In Figure 4 , on the other hand, the reaction barrier for the first H addition step is much lower than the barrier for the second H addition step, illustrated as when 27 hydrogenation reactions have occurred in reaction scheme 6 then only 10 hydrogenation reactions have occurred in reaction scheme 7 in the same time span. Compared to full OH coverage, the amount of OH in stage C has been reduced by 54% and 20% for reaction scheme 6 and 7, respectively.
The schematic illustrations in Figures 1-4 show that it is possible to find out, through comparison of the OH coverage in the last stage of two experiments, whether the first or the second H addition step is the rate determining process in the formation of H 2 O via hydrogenation of O/Pt(111). In the first experiment, the starting surface condition is a saturated layer of O/Pt(111) co-adsorbed with H 2 O/Pt(111) and in the second experiment the starting surface condition is a saturated layer of (H 2 O+OH)/Pt(111) co-adsorbed with H 2 O/Pt(111).
The probing technique that is employed in the present study is the chemical specific and local geometry sensitive high-resolution X-ray photoelectron spectroscopy (XPS). The produced H + will diffuse through the film to the surface using the Grotthus mechanism.
12 Some of the photon beam produced H + will diffuse to the Pt-surface and promote O and OH hydrogenation. A relevant question is if the H + reacts with O and OH without adsorption to the Pt surface, according to an Eley-Rideal process, or if H + adsorbs to the Pt-surface prior the hydrogenation process, i.e., according to a Langmuir-Hinshelwood process. Unfortunately, the 6 ML water film on top of the layer where the H addition steps to O and OH occur does not allow us to study the hydrogenation process in detail. The H + is, however, small enough to penetrate the first adsorbing layer and can thereafter move freely on the Pt-surface under the water film overlayer. 21 Once at the Pt-surface, the H + will be involved in the charge redistribution between the surface and the bulk of the Pt, 22 i.e., the surface charge neutralization process will generate co-adsorbed H, O, OH, and H 2 O on the Pt(111) equivalent to experiments where hydrogenation of oxygen occurs through exposure of H 2 gas onto O/Pt(111). It is therefore more likely that the H addition steps in this study proceeds according to a LangmuirHinshelwood process.
II. EXPERIMENTAL
The study was performed at beamline 5-1 at the Stanford Synchrotron Radiation Lightsource (SSRL) located at the SLAC National Accelerator Laboratory in Menlo Park, CA. The XPS spectra were obtained using a Scienta SES-100 electron energy analyzer. The photoelectron binding energy was calibrated against the Pt Fermi level and the total energy resolution for the spectroscopy was better than 0.1 eV.
The Pt(111) crystal, acquired from Surface Preparation Laboratory, was continuously cooled with liquid nitrogen (LN 2 ). The temperature was controlled by infrared radiation from a 0.15 mm thoriated-tungsten filament mounted approximately 2 mm from the backside of the Pt(111) crystal, monitored using an alumel/chromel thermocouple spot-welded to the side of the Pt crystal, and calibrated against the desorption onset of a D 2 O multilayer reported to be 140 K. 20, 23 The cleaning of the Pt(111) crystal was completed using several sputtering-annealing cycles. Sputtering was performed with neon ion bombardments for 3 min at a sputter current of I Ne = 5 μA/cm 2 and the subsequent annealing temperature was ∼950 K. During the cooling stage, in the temperature interval 800-400 K, the Pt surface was treated with O 2 . The final cycle was completed with a heat ramp to 600 K to remove residual oxygen.
The (2 × 2)-O layer was prepared through an O 2 -dose at T < 100 K until saturation coverage followed by a heat ramp to 200 K. The initial coverage of the (2 × 2)-O layers was the same for all sets of data, confirmed through the integrated intensity of O1s XPS spectra. The co-adsorbed (H 2 O+OH)/Pt(111) monolayer was prepared following the procedure from Ref. 24 . Water was supplied onto the (2 × 2)-O layer at T < 100 K until a multilayer was achieved. Subsequent heating to 160 K, with a heat ramp of ∼0.5 K/s and 5 s delay time before cool-down, desorbed weakly bonded H 2 O as confirmed by the chemical shift of the O1s photoelectron peak between multilayer adsorbed H 2 O and H 2 O/Pt(111). 13 The nomenclature used in Sec. III will be H, OH, and H 2 O. However, all hydrogen used throughout the study was the more irradiation stable isotope deuterium, introduced to the system as deuterium dioxide (D 2 O).
Hydrogen is made available for hydrogenation of the adsorbed O or OH through photon beam induced breakage of H 2 O in a multilayer water film. [9] [10] [11] To induce the H + production, the irradiation of the water overlayer was performed with photon energy of 535 eV; the difference between the kineticenergy positions of the Pt Fermi level recorded with the firstand second-order light was used to calibrate the photon energy. The photon beam had a grazing incident angle to the sample of 6
• , which gave an illuminated area of about 30 × 1000 μm 2 on the sample surface. The irradiation of the multilayer water film was performed on several spots on the sample separated by 500 μm in the direction perpendicular to the photon beam; a spacing of 500 μm was confirmed to be enough. Each set of data is, thus, obtained from a single sample preparation and since the initial (2 × 2)-O coverage for the three data sets presented in this study was the same, the decrease of the integrated intensity of each O1s XPS spectra of the residual amount of OH is proportional to the number of H addition steps with sufficient precision to show a significant difference in the reaction rates between the first and the second hydrogen addition steps; provided that the reaction barriers for the two hydrogen addition steps are larger than the energy barrier for the proton transport from the bulk water to the surface. Figure 6 shows O1s XPS of 6 ML H 2 O on top of a saturated layer of O/Pt(111) and (H 2 O+OH)/Pt(111) in part (a) and (b), respectively, after a 535 eV photon beam exposure of 0, 600, 1200, and 1800 s. The inset of Figure 6 (a), enlarging the binding energy region for O adsorbed on Pt(111), shows a decrease in intensity around 529.8 eV indicating that O is consumed with time. Simultaneously, there is an initial intensity increase around 530.3 eV indicating OH formation, but with longer exposure time the intensity in the whole binding energy region of 529-531 eV reduces which suggests both O and OH consumption. Correspondingly in the inset of Figure  6 (b) the decrease in intensity at 530.0 eV indicates OH consumption with photon beam exposure.
III. RESULTS AND DISCUSSION
In addition to the intensity decrease in the binding energy region of 529-531 eV there is a decrease of the H 2 O XPS peak intensity at 532.8 eV, which is a consequence of photon beam induced breakage of H 2 O in the 6 ML water film. The products from the photon beam induced fragmentation of the water molecules will diffuse away from the irradiated volume. Some of the fragments will reach the water film surface and desorb or kick out surface H 2 O into the vacuum. (111), imply that areas of uncovered Pt-surface are not a prerequisite for the H addition mechanism: areas of uncovered Pt-surface are, however, necessary when O/Pt(111) or (H 2 O+OH)/Pt(111) is exposed to a H 2 gas flow since the H addition mechanism needs to be preceded by H 2 dissociation if it is to occur.
Irradiation directly onto the two starting conditions O/Pt(111) and (H 2 O+OH)/Pt(111), without the 6 ML water film overlayer, did not show any decrease of the XPS peak intensity for either O or OH. After the photon beam exposure, the multilayer H 2 O film is removed through desorption by heating the samples up to 165 K. For the first experiment, while the multilayer H 2 O is desorbing, the residual O on the Pt-surface reacts with neighboring H 2 O and forms a H-bonding network of (H 2 O+OH)/Pt(111). 13 For both experiments all H 2 O that is not bonded to an OH, including H 2 O that is formed in the oxygen hydrogenation process, will desorb at temperatures >160 K.
13, 20 Figure 8 shows O1s XPS spectra of (H 2 O+OH)/Pt(111) where the integrated intensities for the OH contribution in each case are proportional to the amount of OH that persist after desorption of the H 2 O multilayer films for the two starting condition O/Pt(111) and (H 2 O+OH)/Pt(111). The amounts of (H 2 O+OH)/Pt(111) present after the three photon beam exposure time of 600, 1200, and 1800 s indicate an initially slow response to the photon beam produced H. 600 s irradiation only decreases the XPS intensity slightly for both experiments. After 1200 s irradiation, on the other hand, the decrease is significantly larger and an additional intensity decrease is observed after 1800 s photon beam exposure time. The induction period, i.e., the small initial decrease even though 1/3 of the total irradiation time has passed, is due to a delayed response before steadystate condition is reached. An induction period is expected since the concentration of H at the Pt-surface will increase with time, due to the probability distribution for the H diffusion length from the photon beam induced fragmentation of H 2 O. However, with time the H adsorption on the Pt-surface will increase and eventually the H reaction with O and OH can proceed independently of the probability distribution for the H diffusion toward the Pt-surface. After the induction period, the reaction rate of the H addition steps seems to follow a pseudo-first order reaction process, i.e., an exponential decrease of the reaction rate.
Interesting to note is that the decrease of the OH XPS peak is almost the same independent of the choice of starting conditions O/Pt(111) or (H 2 O+OH)/Pt(111). Table I presents the relative amount of OH, θ OH (t)/θ OH initial obtained from the integrated intensity of the OH XPS peak at 530.0 eV using the asymmetric Voigt function that was obtained in Figure 5 . Comparing the two experiments, (H 2 O+OH)/Pt(111) + 6 ML H 2 O/Pt(111) shows a slightly larger decrease of the OH XPS peak intensity compared to O/Pt(111) + 6 ML H 2 O/Pt(111), although the OH intensity estimation is not precise enough to differentiate the OH intensity decreases in the two experiments. According to Figures 1-4 , the obtained decrease of OH XPS peak intensity observed in the two experiments implies that both H addition steps exert rate control or that neither the first nor the second H addition step is the rate determining process in the H 2 O formation via O hydrogenation on Pt(111). In other words, the absence of a significant difference suggests that the energy barriers of the first and the second H addition step must be similar in the present study or at least not too different.
The activation energy, E a , for the overall H 2 O formation process through hydrogenation of O/Pt(111) where the H are made available through photon beam induced breakage of H 2 O in a multilayer water film can be estimated from the Arrhenius equation
where k obs is the observed rate constant, A is the Arrhenius frequency factor, k B is the Boltzmann constant (8.617 × 10
eV K −1 ), and T is the temperature. For simplicity, assuming a pseudo-first order reaction mechanism where the rate of the H 2 O formation is governed by a sole rate determining process, the observed rate constant can be obtained using the integrated rate equation
where θ OH (t)/θ OH initial can be estimated from the integrated intensity of the OH XPS peak at 530.0 eV for each photon beam exposure time t. The Arrhenius frequency factor, on the other hand, needs to be approximated using, for example, the frequency of free vibration of molecules, which is given by
where h is the Planck's constant (4.136 × 10 −15 eV s). Figure 9 (a) shows θ OH (t)/θ OH initial versus photon beam exposure time t for the starting condition O/Pt(111) as the photon beam induced fragmentation of water molecules in the 6 ML water film overlayer produces hydrogen for the H addition mechanism on the Pt-surface. For this experiment, the photon flux was increased by a factor of 10 to reduce the induction period and shorten the total experimental time. It was possible to record twice as many data points compared to the previous irradiation experiments. As in the previous experiments the hydrogenation process initially shows an induction period before a region of a higher rate of OH intensity reduction that decreases exponentially. The exponential decrease of the reaction rate starts after the inflection point, i.e., between 360 and 560 s, and if we roughly approximate the OH reduction with a pseudo-first order reaction mechanism, according to Eq. (5), then we can estimate k obs through the straight-line equation obtained after taking the logarithm of Eq. (5),
where k obs is the slope of a line with the y-intercept point at ln(θ OH (t)/θ OH initial ) = 0. Figure 9 (b) shows ln(θ OH (t)/ θ OH initial ) versus t together with a fitted straight-line for the data points at 540-1260 s from which k obs is estimated. Since the study is performed at T = 98 ± 1 K the expressions (4)-(6) result in an observed rate constant of 1.44 ± 0.23 × 10 The comparison in Figure 8 shows an unexpected observation because the established understanding is that the formation of the Pt-OH species at the first H addition step is the rate-limiting process. However, since both the approximated frequency factor and the obtained activation energy are of sizes that can be expected for H + diffusion in water, it is reasonable to suggest that the insensitivity of the starting condition in the present study is due to a rate-determining proton transfer from the water film to the Pt-surface prior to the H addition steps; the selected approximation of the Arrhenius frequency factor is in the present study the frequency of free vibration of molecules, which is a valid approximation if the H + transport in the water film would be the rate-determining process. The first H addition step can then still have a larger activation barrier compare to the second H addition step, although the difference cannot be substantial since both activation barriers have to be smaller than the activation barrier of the proton transfer from the water film to the Pt-surface, i.e., the activation barriers for the H addition steps must be smaller than the obtained value of 0.29 eV. On the other hand, Sachs et al. 3, 4 estimated the activation energy for the second H addition step to be 0.27 eV, which in combination with the present study could imply that both H addition steps exert rate control with activation barriers of 0.27-0.29 eV. However, if both H addition steps require the same activation energy, then the reaction rate of the overall water formation would not decrease significantly when reaction (1) is replaced with reaction (2), i.e., when the first H addition step would be the autocatalytic reaction between O and formed H 2 O, as indicated in the work by Sachs et al. 3, 4 Another question is also if an Arrhenius frequency factor in the order of 10 12 s −1 is appropriate for the overall H 2 O formation process, which is a more complex reaction system compare to H + diffusion in water. Selecting a smaller Arrhenius frequency factor would give a reduced value of the activation energy in the present study. Therefore, assuming that both H addition steps exert rate control, the obtained activation energy for the observed OH reduction should be viewed as an upper limit for the studied system. A support for a lower value of the activation energy for the overall H 2 O formation process is presented in a recent study, 31 where O/Pt(111) was exposed to a H 2 gas flow at 5-15 K above the water desorption temperature. The activation energy was determined to be 0.20 eV, which further supports the suggestion of that there is no substantial difference in the activation barriers of the first and the second H addition steps.
Hence, the insensitivity of the starting condition in the present study, where hydrogen is made available for hydrogenation of adsorbed O and OH through photon beam induced breakage of H 2 O in a water film overlayer producing H + that was transported through the film to the surface using the Grotthus mechanism suggests that the rate-determining process most likely is the proton transfer from the water film to the Ptsurface, although the study does not provide evidence against the possibility that both H addition steps exert rate control.
IV. CONCLUSION
The presented XPS study indicates that the rate determining process of water formation through oxygen hydrogenation on Pt(111) is neither the first nor the second H addition step or, alternatively, that both H addition steps exert rate control. O/Pt(111) and (H 2 O+OH)/Pt(111) were covered with a water multilayer film and thereafter exposed to a 535 eV photon beam to induce H + production. After the water film was removed no significant difference in the amount of OH on the surface was found for either of the two starting conditions O/Pt(111) and (H 2 O+OH)/Pt(111). This is possible only if the first and the second H addition steps have near equal reaction rates.
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